Introduction
============

The histological grade of a hepatocellular carcinoma (HCC) is one of the most predictive factors of recurrence and survival after surgery in patients with HCCs.^[@B1],[@B2]^ High-grade HCCs are associated with a lower survival rate compared to low-to-moderate-grade HCCs.^[@B3]^ In general, hepatologists do not perform biopsy for HCCs before treatment, particularly if an imaging-based diagnosis has been made, in order to avoid spreading the tumor cells throughout the peritoneal cavity. Therefore, imaging-based predictions of the histological grade would be useful for establishing the proper management strategy for HCCs.

Several researchers have attempted to evaluate the histological grade of HCCs with MRI, for instance by using the signal intensity on T~2~-weighted images,^[@B4]^ enhancement patterns on gadoxetic acid-enhanced MR images,^[@B5],[@B6]^ or the apparent diffusion coefficient (ADC) value measured using diffusion-weighted images (DWI).^[@B7],[@B8]^ It should be noted that the ADC value is typically reduced in malignant lesions, especially in high-grade malignancies such as poorly differentiated HCCs. However, microcirculation or perfusion-related diffusion in the tumor, as well as true molecular diffusion, can affect the signal changes in DWI and decrease the ADC value. If both perfusion-related diffusion and true molecular (proton) diffusion decrease the ADC value of malignant lesions, then it is essential to determine which of these two factors more strongly affects the ADC value and which is the most relevant for distinguishing the histological grade of HCCs.

Intravoxel incoherent motion (IVIM) imaging is a technique used to estimate the diffusion that is associated with tissue perfusion and is based on diffusion parameters that are calculated using multi-b-value DWI. The IVIM model using bi-exponential fitting was first described by Le Bihan et al. in 1986.^[@B9]^ Recent advances in MRI have facilitated the application of IVIM imaging in the separate estimation of tissue perfusion-related diffusion and the diffusion of protons in abdominal organs. In addition, several studies have demonstrated the utility of IVIM imaging for distinguishing between malignant and benign focal liver lesions^[@B10],[@B11]^ and for determining the histological grade of HCCs.^[@B12]^

Although the basic concept of IVIM imaging is simple, there are still some inconsistencies in the fitting methods. Indeed, the calculated results can vary depending on the fitting methods used to estimate the bi-exponential curve of IVIM.^[@B10],[@B13],[@B14]^ Currently, little is known about the effects that different approximation methods would have on the diagnostic ability and/or reproducibility of IVIM imaging for liver lesions.^[@B15],[@B16]^ Hence, the purpose of this study was to compare the repeatability and discrimination abilities of three different approximation methods that were applied to IVIM images in order to distinguish the histological grade of HCCs.

Materials and Methods
=====================

Patients
--------

This retrospective study was performed in accordance with the principles outlined in the Declaration of Helsinki, and was approved by the relevant institutional review board, which waived the requirement for informed patient consent owing to the retrospective nature of the study. Between May 2012 and November 2014, 1928 consecutive patients underwent abdominal MRI with IVIM for liver investigations. This data were matched with information from a pathological database in order to find patients with chronic liver disease who had surgically confirmed HCCs that were \>15 mm in diameter. Although 61 patients were identified, three patients were excluded because a measurable IVIM images were not available owing to motion artifacts. Finally, we included 60 nodules (mean diameter: 39 mm, range: 16--238 mm) in 58 patients (42 men, 16 women; age range: 46 to 88 years, mean age: 70.0 ± 10.2 years) in the study ([Fig. 1](#F1){ref-type="fig"}). There were no patients who had previous treatment for the nodules. The histological grades of the HCCs were retrieved from the official report by one of the two pathologists at our institution (17 and 20 years of experience, respectively) both of whom were blinded to the IVIM results. The final histological differentiation of the HCCs were well differentiated (*n* = 17), moderately differentiated (*n* = 30), or poorly differentiated (*n* = 13). The etiologies of chronic liver disease were hepatitis C (*n* = 28), hepatitis B (*n* = 12), alcoholic steatohepatitis (*n* = 7), nonalcoholic steatohepatitis (*n* = 3), schistosomiasis (*n* = 3), and uncertain liver disease with an elevated liver enzyme level (*n* = 5).

IVIM imaging
------------

Magnetic resonance imaging was performed using a superconducting magnet operating at 3 Tesla (Discovery 750; GE Medical Systems, Waukesha, WI) with a 32-channel phased-array coil. IVIM images were acquired in the transverse plane by respiratory triggered fat-saturated spin echo-echo planar imaging. The MR parameters were as follows: TR/TE, 3000--4000/54 ms; flip angle, 90°; matrix, 128 × 128; FOV, 40 × 40 cm; section thickness/intersection gap, 7/3 mm; number of slices, 16 slices for each b-value; parallel imaging factor, 2; number of excitations, 3; and acquisition time, 120--180 s. Motion-proving gradient pulses were concurrently applied in three directions (*x*, *y*, and *z*). The following 11 *b*-values were used: 0, 10, 20, 30, 40, 50, 80, 100, 200, 500, and 1000 s/mm^2^.^[@B17]^ Three diffusivity values were set as follows: the slow diffusion coefficient, which is non-perfusion related but indicates the molecular diffusion-related diffusivity (true diffusion coefficient \[*D*\]; ×10^−3^ mm^2^/s) and true molecular diffusion; the fast diffusion coefficient, which is related to perfusion in micro-vessels (diffusion coefficient for perfusion \[*D*^\*^\]; ×10^−3^ mm^2^/s); and the perfusion-related diffusion fraction (perfusion fraction \[*f*\]; %), which represents the fractional volume occupied in the voxel by flowing spins.

To obtain these values, two radiologists (S.I. and H.M.), each with 9 years of experience in abdominal radiology, who were blinded to the histopathological data manually placed ROIs on the entire lesion using a workstation (SYNAPSE VINCENT, FUJIFILM Medical, Tokyo, Japan). In the case of larger lesions showing solid components with inhomogeneous signal intensity, ROIs were positioned by avoiding areas of necrosis and hemorrhage by reference to T~2~-weighted images. First, the ROIs were placed on the ADC map ([Fig. 2](#F2){ref-type="fig"}), and then the ROIs were automatically copied to images of each b-value to retrieve the signal intensity decay of the lesion. The following three approximation methods were used for estimating *D*, *D*^\*^, and *f* based on the signal intensity of each b-value. In method A, we obtained all three parameters (*D*, *D*^\*^, and *f*) simultaneously using non-linear fitting; in method B, we obtained *D* first using images with *b* = 500 and 1000 s/mm^2^ by linear fitting, followed by non-linear fitting for *D*^\*^ and *f*; and in method C, we obtained *D* as described in method B, and then obtained *f* using the intersection of the regression line and signals of *b* = 0 s/mm^2^ and non-linear fitting for *D*^\*^ only. Calculations of these approximations were performed using Matlab (The MathWorks, Inc., Natick, MA, USA).

Statistical analysis
--------------------

A receiver operating characteristic analysis was performed to discriminate poorly differentiated from well-to-moderately differentiated HCCs. Inter-reader agreement was assessed using the intraclass correlation coefficient (ICC). An ICC value (*r*) \> 0.8 was considered excellent agreement, 0.6 \< *r* ≤ 0.8 was deemed good, 0.4 \< *r* ≤ 0.6 was moderate, 0.2 \< *r* ≤ 0.4 was fair, and ≤ 0.2 was considered poor agreement. We analyzed all statistics using the IBM SPSS software (Ver. 22.0; IBM Corp., Armonk, NY, USA). The statistical significance level was set at *P* \< 0.05.

Results
=======

The three diffusivity values calculated by each method and reader are summarized in [Table 1](#T1){ref-type="table"}. No significant differences were identified between well-to-moderately differentiated and poorly differentiated HCCs for any of the three diffusivity values calculated by method A (*P* = 0.2399--0.9072). The *D* and *D*^\*^ values calculated by methods B and C for poorly differentiated HCCs were significantly lower than were those for well-to-moderately differentiated HCCs (*P* ≤ 0.0001--0.0366). In contrast, the *f* values calculated by methods B and C for poorly differentiated HCCs were significantly higher than were those for well-to-moderately differentiated HCCs (*P* = 0.0016--0.0279), except for the results of reader 2 when using method B (*P* = 0.0834). Methods B and C (Az value, 0.701--0.881) had better HCC grade discrimination abilities compared to method A (Az value, 0.527--0.607) for all three diffusivity values ([Table 2](#T2){ref-type="table"}).

The inter-reader ICC values of *D* and *f* were good to excellent (*r* = 0.639--0.835) with all methods. The ICC values of *D*^\*^ were moderate with methods B (*r* = 0.580) and C (*r* = 0.463) and good with method A (*r* = 0.705) ([Table 3](#T3){ref-type="table"}).

Discussion
==========

In this study, all IVIM parameters (*D*, *D*^\*^, and *f*) were significantly different between well-to-moderately differentiated and poorly differentiated HCCs when estimation methods B and C were used, but not when method A was used. In other words, different methods led to different results even though the same data were used.

In a previous study that focused on differentiating the HCC grade using IVIM imaging, the *D* values were lower in high-grade HCCs than they were in low-grade HCCs.^[@B12]^ In our study, the *D* and *D*^\*^ values were lower in poorly differentiated HCCs than they were in well-to-moderately differentiated HCCs. Moreover, the receiver operating characteristic analysis showed that the Az values of *D* were higher than were those of *D*^\*^ for distinguishing poorly differentiated HCCs from well-to-moderately differentiated HCCs. This result suggests that the *D* value is a more reliable parameter than is the *D*^\*^ value in terms of tumor grade determination, which is consistent with the findings of the abovementioned study.^[@B12]^ Therefore, restricted molecular diffusion is probably a stronger indicator of poorly differentiated HCCs than is perfusion. This may at least be attributable to the fact that the vascularity is the highest for moderately differentiated HCC, whereas those for well and poorly differentiated HCC are relatively low, on the other hand, the cellular density or ADC values has been known to gradually increase from well differentiated to poorly differentiated HCC.

Interestingly, these results were only observed in methods B and C. Despite the increasing use of IVIM imaging in research and clinics, no consensus exists regarding the optimal estimation approach for the IVIM model.^[@B18],[@B19]^ Since the inter-reader ICC for the *D* value obtained using method A (0.818) was as high as the values obtained using methods B and C (0.785 and 0.785, respectively), the worse discrimination ability of method A was probably related to acquisition variability. As method A estimated three unknowns at once using non-linear fitting, the solution may be unstable. On the other hand, methods B and C commonly used linear fitting for the *D* value, thus the fitting would be robust even though some errors might have occurred during image acquisition.

Similar to the findings of a previous study,^[@B16]^ our study also showed that the inter-reader reproducibility of *D* was better than that of *f* and *D*^\*^. The poor reproducibility of *D*^\*^ may be related to unstable signal acquisition or fitting uncertainty, as demonstrated in recent studies.^[@B19],[@B20]^

Our study was mainly limited by its retrospective design and the small sample size. A prospective study with a larger cohort would be necessary to confirm the usefulness of the IVIM parameters for distinguishing poorly differentiated HCCs from other HCC grades and to establish the advantages of estimation methods that utilize linear fitting. Instability of *D*^\*^ is also limitation. Unfortunately, no rigid solution has been proposed for addressing the instability of *D*^\*^ measurements in the IVIM model, thus additional studies are needed.

Conclusion
==========

The IVIM parameters may vary depending on the fitting methods, further technical refinement may be needed.
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![Inclusion criteria applied prior to the enrollment of study participants. IVIM, intravoxel incoherent motion; HCC, hepatocellular carcinoma.](mrms-17-168-g1){#F1}

![Rules for ROI placement, as demonstrated on representative images from a 69-year-old woman with hepatitis B. (**a**) Hepatic arterial-phase images show a slightly enhanced tumor at the caudate lobe. (**b**) This nodule shows high intensity on a diffusion-weighted image (*b* = 1000 s/mm). (**c**) We manually placed ROIs on the entire lesion on apparent diffusion coefficient (ADC) maps using SYNAPSE VINCENT software (FUJIFILM Medical, Tokyo, Japan).](mrms-17-168-g2){#F2}

###### 

The three diffusivity values calculated by each method and reader

                                Well-to-moderately differentiated HCC   Poorly differentiated HCC   *P* value
  ----------------------------- --------------------------------------- --------------------------- -------------------------------------------
  Method A, reader 1                                                                                
    *D* (×10^−3^ mm^2^/s)       1.05 (1.03, 0.72--1.97)                 1.00 (0.95, 0.81--1.37)     0.3649
    *D*^\*^ (×10^−3^ mm^2^/s)   551.0 (62.5, 5.0--3553.4)               303.1 (46.4, 5.0--3410.3)   0.3990
    *f* (%)                     12.7 (11.5, 0--31.1)                    12.8 (11.3, 5.9--22.1)      0.6864
  reader 2                                                                                          
    *D* (×10^−3^ mm^2^/s)       1.04 (1.04, 0.58--1.97)                 0.97 (0.92, 0.76--1.34)     0.2399
    *D*^\*^ (×10^−3^ mm^2^/s)   538.6 (44.6, 5.0--4181.4)               325.0 (47.2, 5.3--3522.7)   0.7672
    *f* (%)                     12.8 (13.2, 0--32.3)                    12.9 (12.5, 5.0--24.7)      0.9072
  Method B, reader 1                                                                                
    *D* (×10^−3^ mm^2^/s)       0.95 (0.96, 0.70--1.28)                 0.72 (0.71, 0.55--0.97)     \<0.0001[^†^](#TFN2){ref-type="table-fn"}
    *D*^\*^ (×10^−3^ mm^2^/s)   228.5 (30.7, 5.0--3904.2)               19.0 (15.7, 5.0--77.9)      0.0211[^†^](#TFN2){ref-type="table-fn"}
    *f* (%)                     16.5 (15.8, 0--53.8)                    23.6 (23.4, 8.9--50.2)      0.0232[^†^](#TFN2){ref-type="table-fn"}
  reader 2                                                                                          
    *D* (×10^−3^ mm^2^/s)       0.95 (0.97, 0.65--1.34)                 0.75 (0.76, 0.54--0.97)     0.0005[^†^](#TFN2){ref-type="table-fn"}
    *D*^\*^ (×10^−3^ mm^2^/s)   323.2 (31.4, 5.0--2642.7)               22.6 (13.9, 5.1--78.5)      0.0366[^†^](#TFN2){ref-type="table-fn"}
    *f* (%)                     15.7 (15.9, 0--53.3)                    21.7 (18.7, 8.2--50.7)      0.0834
  Method C, reader 1                                                                                
    *D* (×10^−3^ mm^2^/s)       0.95 (0.96, 0.70--1.28)                 0.72 (0.71, 0.55--0.97)     \<0.0001[^†^](#TFN2){ref-type="table-fn"}
    *D*^\*^ (×10^−3^ mm^2^/s)   204.6 (15.8, 0--2214.1)                 7.88 (6.47, 5.0--12.3)      0.0004[^†^](#TFN2){ref-type="table-fn"}
    *f* (%)                     18.3 (17.9, 0--55.7)                    29.2 (31.6, 9.7--54.3)      0.0016[^††^](#TFN3){ref-type="table-fn"}
  reader 2                                                                                          
    *D* (×10^−3^ mm^2^/s)       0.95 (0.97, 0.65--1.34)                 0.75 (0.76, 0.54--0.97)     0.0005[^†^](#TFN2){ref-type="table-fn"}
    *D*^\*^ (×10^−3^ mm^2^/s)   155.1 (14.1, 0--2292.9)                 8.71 (7.96, 5.0--14.6)      0.0192[^†^](#TFN2){ref-type="table-fn"}
    *f* (%)                     17.8 (16.7, 0--55.7)                    25.9 (24.6, 11.5--54.5)     0.0279[^††^](#TFN3){ref-type="table-fn"}

Statistical analyses were performed using the Wilcoxon test. Data are presented as the mean (median, range). HCC, hepatocellular carcinoma; *D*, true diffusion coefficient; *D*^\*^, diffusion coefficient for perfusion; *f*, perfusion fraction.

, The *D* and *D*^\*^ values of poorly differentiated HCCs were lower than were those of well-to-moderately differentiated HCCs (*P* \< 0.05);

, The *f* value of poorly differentiated HCCs was higher than was that of well-to-moderately differentiated HCCs (*P* \< 0.05).

###### 

The Az values for the HCC grade discrimination ability (well-to-moderately differentiated vs. poorly differentiated)

               *D* (×10^−3^ mm^2^/s)   *D*^\*^ (×10^−3^ mm^2^/s)   *f* (%)
  ------------ ----------------------- --------------------------- ----------------------
  Method A                                                         
    reader 1   0.583 (0.398--0.747)    0.577 (0.406--0.731)        0.534 (0.364--0.701)
    reader 2   0.607 (0.432--0.759)    0.527 (0.361--0.688)        0.489 (0.312--0.669)
  Method B                                                         
    reader 1   0.881 (0.738--0.951)    0.710 (0.548--0.832)        0.707 (0.523--0.842)
    reader 2   0.819 (0.667--0.911)    0.691 (0.526--0.818)        0.658 (0.470--0.807)
  Method C                                                         
    reader 1   0.881 (0.738--0.951)    0.825 (0.696--0.907)        0.787 (0.599--0.902)
    reader 2   0.819 (0.667--0.911)    0.714 (0.575--0.821)        0.701 (0.536--0.826)

Data are presented with the 95% confidence interval in parentheses. HCC, hepatocellular carcinoma; *D*, true diffusion coefficient; *D*^\*^, diffusion coefficient for perfusion; *f*, perfusion fraction.

###### 

Inter-reader intraclass correlation coefficients (ICC)

             *D* (×10^−3^ mm^2^/s)   *D*^\*^ (×10^−3^ mm^2^/s)   *f* (%)
  ---------- ----------------------- --------------------------- ----------------------
  Method A   0.818 (0.712--0.887)    0.705 (0.551--0.813)        0.639 (0.461--0.767)
  Method B   0.785 (0.664--0.866)    0.580 (0.384--0.726)        0.801 (0.687--0.876)
  Method C   0.785 (0.664--0.866)    0.463 (0.239--0.641)        0.835 (0.738--0.898)

Data are presented with the 95% confidence interval in parentheses. *D*, true diffusion coefficient; *D*^\*^, diffusion coefficient for perfusion; *f*, perfusion fraction.

[^1]: This paper was presented at European Society of Gastrointestinal and Abdominal Radiology (ESGAR) 2016 annual meeting in June 2016.
